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populations	 and	 has	 important	 consequences	 for	 population	 and	 evolutionary	
dynamics.
2.	 The	ageing	 trajectory	 is	shaped	by	both	within-individual	processes,	 such	as	 im-
provement	and	senescence,	and	the	among-individual	effects	of	selective	appear-
ance	 and	disappearance.	 To	 date,	 few	 studies	 have	 compared	 the	 role	 of	 these	
different	drivers	among	species	or	populations.
3.	 In	this	study,	we	use	nearly	40	years	of	longitudinal	monitoring	data	to	contrast	the	
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that	 in	 some	 species,	within-	individual	 ageing	may	 be	 discontinuous,	




declines	 in	 physiological	 condition,	 have	 been	 observed	 (Coulson	 &	
Fairweather,	 2001;	 Rattiste,	 2004).	 Among-	individual	 processes	 are	
also	 important	drivers	of	population-	level	changes	 in	breeding	perfor-
mance	with	age	(Cam	&	Monnat,	2000;	McCleery,	Perrins,	Sheldon,	&	
Charmantier,	2008;	Reid	et	al.,	2010).	For	 instance,	 lower	quality	 indi-
viduals	may	 show	 delayed	 onset	 of	 reproduction,	 and	 their	 selective	

















Trade-	offs	 between	 current	 and	 future	 reproduction	 are	 key	 in	
shaping	 age-	specific	 performance	 (Williams,	 1966).	 Life-	history	 the-














species.	 Broad-	scale	 species	 comparisons	 have	 highlighted	 associa-















long-	lived	 species	 of	 seabird	 and	 decompose	 the	 population-	level	
patterns	to	better	understand	the	relative	importance	of	within-	and	
between-	individual	processes	in	shaping	the	ageing	trajectory	in	each	











the	 black-	browed	 albatross	 breeds	 annually.	 Assuming	 this	 higher	










2  | MATERIALS AND METHODS
2.1 | Study system





























Island,	 South	Georgia	 (54°00′S,	 38°03′W).	These	 are	 referred	 to	 as	





































(AIC)	where	the	best	model	 is	 taken	to	be	that	with	 the	 lowest	AIC	




to	 be	 meaningfully	 different	 (Burnham	 &	 Anderson,	 2002).	 These	













included	a	 threshold	 term	 for	age,	 confidence	 intervals	were	placed	












2.2.2 | Factors underpinning variation in breeding 
success during early and late adulthood
The	 population-	level	 analyses	 indicated	 that	 breeding	 success	 in-
creased	in	early	adulthood,	and	then	declined	or	plateaued	following	
a	peak	between	the	mid-	teens	and	mid-	twenties	(see	Results).	In	the	
next	 set	 of	 analyses,	 these	observed	patterns	were	decomposed	 to	
reveal	the	factors	underpinning	age-	related	variation	in	breeding	suc-
















of	phenotypically	different	 individuals	 from	 the	population.	The	age	
term	was	expressed	as	years	since	first	BA	or	years	before	death,	along	
with	age	at	first	or	last	reproduction,	respectively.	The	parameter	es-















































Age at first 
repro n Age at last repro Repro lifespan
BBA Males 170 9.40	±	0.13 155 17.89	±	0.61 8.49
Females 90 11.78	±	0.30 82 20.87	±	0.86 9.09
GHA Males 157 13.47	±	0.20 180 27.54	±	0.67 14.07
Females 125 13.33	±	0.19 161 28.63	±	0.67 15.3
WA Males 331 10.21	±	0.13 279 21.33	±	0.55 11.12
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(BBA:	 r	=	.417,	 n	=	185,	 p	<	.001;	 GHA:	 r	=	.512,	 n	=	208,	 p	<	.001;	
WA:	r	=	.744,	n	=	456,	p	<	.001).
















old	model	 (Figure	2).	 Therefore,	we	proceeded	with	 the	best	 single	
threshold	model	in	each	case	(Figure	2;	Table	S2).





in	 breeding	 success	 in	 early	 life	 at	 the	 population	 level	 (Table	S2).	
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mained	statistically	different	 from	zero	with	both	age	functions	 in	 the	
models	 for	 these	 two	 species,	whereas	 the	male	 age	 terms	were	 not	




















life	 than	 those	 that	began	breeding	earlier	 (Table	2a).	However,	 the	
analysis	 of	 all	 species	 together	 suggested	 an	 absence	 of	 difference	
among	species,	with	all	females	showing	a	positive	effect	of	selective	
appearance	on	breeding	success	(Table	S4).





cline	 did	 not	 differ	 among	males,	 but	 female	GHA	 showed	 a	more	
rapid	senescent	decline	in	performance	(Table	S5).	The	effect	of	age	
at	 last	 reproduction	was	 also	 consistent;	 both	 sexes	 in	 all	 species	





















Estimate SE ∆AIC Estimate SE ∆AIC Estimate SE ∆AIC
Years since first bred Age at first repro First breeding attempt
BBA Males 953 0.204 0.040 24.832 −0.052 0.069 −1.438 −0.007 0.277 −1.999
Females 588 0.190 0.038 25.583 0.137 0.057 3.809 −0.501 0.365 −0.048
GHA Males 612 0.153 0.049 8.021 0.058 0.053 −0.844 −0.375 0.326 −0.699
Females 670 0.095 0.033 6.282 0.027 0.062 −1.819 −0.625 0.330 1.615
WA Males 1,258 0.010 0.034 −1.914 0.020 0.046 −1.807 −0.815 0.200 15.160
Females 1,327 0.114 0.035 8.638 0.073 0.050 0.101 −0.441 0.197 3.078
(b) n Years before death Age at last repro Last breeding attempt
BBA Males 455 0.067 0.036 1.412 −0.030 0.023 −0.287 −0.039 0.348 −1.987
Females 182 0.033 0.072 −1.795 −0.106 0.062 0.744 −0.178 0.613 −1.915
GHA Males 838 0.091 0.028 8.839 −0.066 0.024 5.555 0.786 0.271 6.300
Females 630 0.209 0.046 20.332 −0.126 0.040 8.501 1.016 0.354 6.380
WA Males 711 0.078 0.026 7.463 −0.031 0.017 1.273 0.543 0.234 3.378
Females 575 0.069 0.025 5.571 −0.029 0.017 0.751 0.701 0.258 5.485
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4  | DISCUSSION
















(Phillips	et	al.,	 2016),	 the	extent	 to	which	bycatch	affects	 the	mean	
reproductive	life	span	in	each	species	is	unknown.	However,	removal	
of	a	small	percentage	of	individuals	from	the	sample	through	bycatch	






















mass	and	 feeding	 frequency)	 in	albatrosses	and	other	seabirds	does	
not	scale	isometrically	with	body	mass	(Phillips	&	Hamer,	2000).	The	
burden	 of	maintaining	 a	 higher	 feeding	 rate	may,	 therefore,	 incur	 a	
greater	cost	for	males,	and	if	so,	their	age	and	competency	could	be	
more	 important	 in	 determining	 reproductive	 success.	 In	 contrast	 to	
BBA,	male	 and	 female	GHA	provision	 the	 chick	equally	 (Huin	et	al.,	
2000).	As	males	are	also	heavier	in	this	species,	equal	food	provision-
ing	 is	 likely	 to	be	more	costly	 for	 females,	which	could	explain	why	
female	age	accounts	 for	more	variation	 in	breeding	 success.	 In	WA,	
as	in	BBA,	males	deliver	more	food	to	the	chick	(Berrow,	Humpidge,	










cess	 during	 early	 adulthood	 in	BBA,	GHA	 and	WA,	 and	 decompos-
ing	 these	patterns	 revealed	 that	 they	were	predominantly	driven	by	
within-	individual	 improvements	 in	 performance	 (Table	2a).	 This	 is	




BBA	 females,	with	birds	 tending	 to	do	better	 if	 they	delayed	 repro-
duction.	However,	in	nearly	all	cases,	the	direction	of	the	effect	was	
consistent,	 suggesting	 that	 selective	 appearance	 of	 good	 breeders	
may	contribute	somewhat	to	the	population-	level	increase	(Tables	2a	
and	S4).	Albatrosses	 take	many	 years	 to	 reach	 sexual	maturity,	 and	
thus	are	expected	to	be	proficient	foragers	at	the	time	of	recruitment.	



















with	 predictions	 from	 life-	history	 theory,	 since	 the	 rate	 of	 senes-
cence	is	expected	to	be	more	rapid	in	the	species	with	shorter	gen-
eration	time	and	lower	age	at	first	reproduction	(cf.	southern	fulmar	






against	 reproductive	 senescence	 per	 se.	The	more	 rapid	 senescent	




than	 the	 same	species	 in	 the	 Indian	Ocean	 (Ryan	et	al.,	2007),	 and	
senescent	 declines	may	be	 exacerbated	or	more	 readily	 detectable	
when	conditions	 are	harsh	 (Reznick,	Nunney,	&	Tessier,	2000).	The	
lack	of	an	observable	decline	in	breeding	success	in	BBA	may	be	re-
lated	 to	 their	 lower	mean	and	more	variable	annual	productivity	at	




that	do	not	 rely	on	 this	prey	 source	 tend	 to	have	higher	and	more	
consistent	breeding	success	 (Nevoux,	Forcada,	Barbraud,	Croxall,	&	
Weimerskirch,	 2010),	 and	 they	 show	 clear	 signs	 of	 senescent	 de-
clines	 in	 reproductive	 performance	 (Pardo,	 Barbraud,	 Authier,	 &	
Weimerskirch,	2013).	These	deviations	from	life-	history	theory	pre-




The	 effect	 of	 age	 at	 last	 reproduction	was	 negative	 in	 all	 three	
species,	 although	 this	only	 explained	part	 of	 the	observed	variation	
in	 the	breeding	 success	 of	GHA	 (Table	2b).	This	 indicates	 that	 birds	
with	higher	than	average	reproductive	success	in	late	adulthood	tend	
to	have	 lower	 survival	 rates.	Most	 studies	 that	 examine	 the	 effects	
of	 selective	disappearance	 in	wild	populations	 find	 the	opposite	ef-











This	 is	 partly	 because	 individuals	may	 only	 choose	 to	 breed	 if	 they	
can	afford	to	do	so	without	suffering	costs	(Reid	et	al.,	2010),	and	also	
because	survival	costs	of	 reproduction	are	 less	easily	detected	 than	
reproductive	costs,	since	variance	in	breeding	success	 is	higher	than	





The	 results	 suggest	 that	 such	 a	 trade-	off	 is	 evident	 in	 both	 the	
short	and	 long	 term,	 since	GHAs	also	show	an	 increase	 in	breeding	















season	 of	GHA	does	 not	 last	 a	 full	 year,	 a	 bird	 defers	 breeding	 for	
16	months	 following	 a	 successful	 BA.	 It	 is	 plausible	 that	 this	 drives	
the	increase	in	breeding	success	on	the	final	attempt	(in	effect,	an	in-
creased	 likelihood	of	mortality	 following	 this	 terminal	 success).	This	
is	a	complex	 issue,	 since	 the	 intervals	between	BAs	are	variable	 for	
all	 the	 species.	 However,	 it	 should	 be	 noted	 that	 the	 observation	
of	 increased	performance	on	 the	 final	BA	 is	 extremely	unusual	 in	 a	
wild	system,	and	 in	stark	contrast	to	the	terminal	declines	observed	







cies.	 In	 particular,	 the	 ageing	patterns	 and	drivers	 in	 early	 life	were	
broadly	 comparable,	 with	 the	 importance	 of	 within-	individual	 im-








and	ecology	of	 closely	 related	 species	 can	be	 related	 to	differences	
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